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(54) Wave division multiplexer with polymer-filled chaHnelTanTmlthod of manufacturing' 



(57) An athermalized optical waveguide circuit de- 
vice exhibiting reduced signal power Josses includes an 
optical phased-array comprising a plurality of curved 
waveguide cores (12) of different lengths supported on 
a planar substrate (14), wherein each of the waveguide 
cores of the array Includes a first silica segment (12A) 
a second silica segment (12B), and a central polymer 
segment (12c) connectfng the first silica segment with 
the second s\Uca segment to form a continuous 
waveguide core. The device is prepared by forming a 
plurality of adjacent curved silica waveguide cores on a 
pfanar substrate, overcladdlng the silica waveguide 
cores with a silica overclad, etching at least one groove 



into a central portion of the opticai phased-array through 
the overclad and silica waveguide cores, forming a plu- 
rality of polymer waveguide core segments connecting 
a first silica waveguide core segment with a correspond- 
ing second silica waveguide core segment to form a 
continuous waveguide core, and overcladdlng the pol- 
ymer wavegufde core segments to define a composite 
optical phased-array comprising a plurality of adjacent 
composite waveguides. The polymer waveguide core 
segments have a negative variation of index of refrac- 
tion as a function of temperature to compensate for the 
positive variation of the silica waveguide core segments, 
while providing an uninterrupted waveguide with low 
power loss of optical signals. 
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Description 

[0001] The present invention relates generally to a wavelength division multiplexer and demultiplexer for use m the 
field of optical communication and optica! information processing, and more particularly to an athermalized wavelength 
division multiplexer and demultiplexer and method of manufacturing, 

[0002] Computer and communication systems place an ever-increasing demand upon communication link band- 
widths. It is generally known that optical fibers offer a much higher bandwidth than conventional coaxial links. Further 
a single optical channel in a fiber waveguide uses a small fraction of the available bandwidth of the fiber. In wavelength 
division multiplexed (WDM) optical communication systems, multiple optical wavelength carriers transmit independent 
communication channels along a single optical fiber. By transmitting several channels at different wavelengths into 
one fiber, the bandwidth capability of an optical fiber is efficiently utilized. 

[0003} Fiber-optic multiplexing and demultiplexing have been accomplished for nearly a decade using a plurality of 
closely spaced waveguides communicating with an input coupler. The output of the coupler communicates with a 
second coupler via an optical grating consisting of an array of optical waveguides each of which differing in length with 
respect to its nearest neighbor by a predetermined fixed amount. The outputs of the second coupler form the outputs 
of the multiplexing and demultiplexing device. In operation, when a plurality of separate and distinct wavelengths are 
applied to separate and distinct input ports of the device, they are combined and are transmitted to an output port. The 
same device may also perform a demultiplexing function in which a plurality of input wavelengths are directed to a 
predetermined one of the input ports of the apparatus, and each of the input wavelengths is separated from the other 
and directed to predetermined ones of the output ports. 

[0004] The grating located between the couplers consists of a plurality of waveguides of different lengths ordered in 
an array. Wavelength division multiplexers and demultiplexers require precise control of the optical path difference 
between adjacent waveguides. The optical path difference is the product of the effective index of refraction of the 
fundamental mode in the waveguide and the physical path difference between adjacent waveguides. The effective 
index of refraction of the fundamental mode in the waveguides and the physical path differences between adjacent 
waveguides for currently available wavelength division multiplexers and demultiplexers are typically both temperature 
dependent. In conventional integrated optical multiplexer and demultiplexer devices, the medium forming the arrayed 
waveguides has a noticeable temperature dependency which results in changes in the central transmission wavelength 
which may exceed the transmission bandwidth. As a result, temperature variations in the usually operating temperature 
range {from about 0°C to about 70°C) induce a wavelength shift which is unacceptable in comparison to the typical 
accuracy requirements (about 0.1 nm) in center channel position. Consequently, available multiplexer/demultiplexer 
optical devices of the phased-array type are generally operated in a temperature controlled environment. Typically, 
control circuits with heating elements are provided to insure a stable temperature environment. However, the use of 
heating elements to achieve active athermalization is undesirable because it increases the overall cost, size and com- 
plexity of the device, and may consume considerable power. 

[0005] In the case of conventional wavelength division multiplexers having a phased-array optical grating comprised 
of a plurality of silica waveguides and silica cladding, the variation of channel wavelength as a function of temperature 
predominately depends on the positive variation of the effective index of refraction of the waveguides as a function of 
temperature. In an effort to compensate for the positive variation of refractive index as a function of temperature for 
silica-based materials, polymer overcladding materials having a negative variation of refractive index as a function of 
temperature have been employed. However, a problem with this arrangement is that as the temperature varies, the 
difference ^n refractive index between the core and the cladding varies, and in the worst case, light may not be able to 
be guided into the waveguide. As a result, optical multiplexer/demultiplexer devices having a phased-array type grating 
with a polymer overcladding may not be suitable for use over a wide range of ambient temperatures. Another problem 
with this optical fiber structure is that the polymer overcladding makes it more difficult to connect optical fibers to the 
input ports of the device. 

[0006] Another proposed design for maintaining a relatively constant optical path difference between adjacent 
waveguides in a phased-array involves focalizing a polymer in a triangular groove in the phased-array. The groove is 
etched in the center of the phased-array to the bottom of the waveguides and is filled with a polymer typically a silicone 
polymer. The ratio of the optical path difference between adjacent waveguides in the silica region to the optical path 
difference in the groove can be selected to cancel, or at least minimize, the variation in the mean channel wavelength 
as a function of temperature. An advantage of the groove design as compared with the overclad design is that the 
polymer is localized in the middle of the device. This avoids the problem associated with connecting polymer overclad- 
ding optical fibers to a device, However, phased-array devices having a polymer filled triangular groove exhibit a loss 
of about 2dB in excess of standard phased-array devices. The excess loss is believed to be attributable to free-space 
propagation of light into the groove. Light is guided into the input side of the waveguides of the phased-array, propagates 
freely in the groove, and is only partially collected by the output waveguides of the phased-array. The estimated excess 
loss for such a waveguide increases as a function of the path length in the groove which is not constant, but depends 
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tal th m\y U result° f WaV69UideS in * e P hased " a ™y. ^us. the loss in the different waveguides is not constant and cross 

B 5°IL Theref ? re ' there remains a need for 0 P^al multiplexer/demultiplexer devices of the phased-arrav tvoe in 
wruch the optical path difference between adjacent waveguides in the phased-array region is more prSfseiy comroLd 

llTZf JT* 6n9th Shi " S 10 an aCCept3b!e l6Vel Whiie also minimizin 9 P° wer toss *» transm^signa? Soul 
me use of achve temperature control means, such as heating elements. 

100081 This invention is directed to a passively athermalized optica! waveguide device which is useful for ootica) 
TaTunc^ 

as a function of temperature in a waveguide 

having a silica core is compensated by a negative variation in effective index of refraction as a function of temperature 
in a polymer waveguide core, without unacceptable loss of optical signal power temperature 

J^L„« f™ rda " ce f with an as P ect of the ^ntion, an optical waveguide device includes an optical phased-array 
compns ng a plurality of curved waveguide cores of different lengths supported on a planar substrate in which rah 

ZSt!£Za™Zl 2 SI? S ri T ent ' 3 S6C0nd S " iCa se9 ™< a » d a centra" po^^lSSSS 
h * «f I 9 ? 6 S@COnd Sl, ' Ca Segment t0 form a continuous waveguide core. The ratio of the optical 

*f d,ffer K ence between e « ch P^r of adjacent waveguide cores in the silica segments to the optica) path dLrence 
be ween the adjacent waveguide cores in the polymer segments is selected to minimize vanatioT in the 'overaJoS 
path difference of the waveguides. The polymer segments of the waveguide cores have a negative va Sion^ffSe 
2? w/tfT 35 3 fUnCti ° fl ° f tem P erature t0 compensate for the positive variation in the ^TSSS!2 
silica waveguide core segments as a function of temperature, thereby inhibiting shifting of channel wavetengths due 
10 vanations in operating temperature within a predetermined operating temperature range wave,en 9ths due 

TJlvT a f ect , of the invention - a method ^ making a passively athermalized optical waveguide device is 
provided. A planar substrate ,s provided, and a plurality of adjacent curved silica waveguide cores of different lenqths 

ZiZTZ SV Th SU f Strate ' ^ Si ' iCa ****** C ° reS are Gladded with a glass overclad to deS an 
ST X t V ' * ' eaSt ° ne tnanaij,ar 9 roove ^ etched into a central portion of the optical phased-array throuoh 
to the planar substrate to divide each waveguide core into a first silica waveguide core segment and a sS 2 

M 6 1 69 " 160 ', " WhiCh the and SGCOnd siHca waveouide core segments are'separated b^S 
A plural* of d»t.nct polymer waveguide core segments are formed in the triangular groove with each poEr 
wavegu.de core segment connecting a first silica waveguide core segment with a corresponding second S 

LSfr 6 Se9men 7° f ° rm 3 C ° ntinU0US WaV69uide core - The P ol ^ er core segmTn?s may be oler- 

c added to form an optica, phased-array comprising a plurality of adjacent waveguides. The dimensions of the groove 

* JS 1 P aUl d,ff f rence Detween pair of adjacent waveguide cores in the silica segments to the optical 

, T adja ° ent waveQuide c^es in the polymer segments minimizes variation in the oveS 
optical path difference of the adjacent waveguide cores. overall 

FIG. 1 is a schematic top view of a phased-array wavelength division multiplexer/demultiplexer device- 
fig. 2 ,s a greatly enlarged, schematic top view of a section of the phased-array wavelength division multiplexer/ 
demultiplexer device of FIG. 1 with a triangular groove located in the phased-array multiplexer/ 

i"? ilMror S R| m 2 atiCCr ° SS * SeCti0r,al VteW ° f 9r ° OVe EhS P hased - arr ^ sh <>wn'in F'G- 2, taken along section 
^r de^~ 9r ° 0Ve ^ the ^ a - d - a -V ^own in FlGs. 2 and 3 with a polymer 

FIG. S is a schematic cross-sectional view showing selected portions of the polymer layer shown in FIG 4 beino 
irrad.ated to form distinct cross-linked polymer waveguide core segments- ' 9 

inFIG^IilleS^ Vi6W Sh ° Win9 remaindSr °' the 9ro ° Ve ^ «» ^ *™ 

SCt l ema !i° coss-sectional view of the cross-linked polymer waveguide cores formed in a notched-out 

been removed "^^ ° f S " iCa Wave9uides ' as $ftown in FIG ' 5 > in ^ soured polymer material has 

FIG. 7 is a schematic cross-sectional view in which the polymer waveguide core segments shown in FiG 6 have 
been overcladded by filling the spaces between the remainder of the groove with siHca 

FIG. 8 is a schematic top view of a section of the phased-array shown in FIG, 1 , in which a plurality of oarallel 
% ° noate notC K hes have been etched through silica cladding and silica waveguide cores of the phased-array 
9 IS a schematic cross-sectional view as seen along lines IX-IX of FIG 8- 

^nZt!-, S T^fV r0S& ' SeCt{ ° m Vi6W in Which the 9rooves shown in F ' Gs - 8 and 9 'n which polymer has 

s? M.^i'ssr si,tea wavesuide cores and in wwch ,he remainin9 porti ° n ° f the ^ — 
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FIG. 11 is a schematic top view of a phased-array section of the device shown in FIG, 1 , in which a groove pattern 
has been etched to facilitate polymer filling of the parallel grooves aligned with the silica waveguides; and 
FIG. 12 is a graph of excess signal loss as a function of index of refraction for a composite waveguide having a 
polymer segment connecting silica segments, as compared to a silica waveguide. 

(001 1] In FIG. 1 there is shown a passively athermalized optical waveguide circuit 10 employing an optical phased- 
array comprising a plurality of waveguides 12 formed on a planar substrate 14. As used herein, a passive athermalized 
optical waveguide circuit refers to a device in which the overall optical characteristics are relatively independent of 
temperature over a predetermined temperature range, (i.e., the output signals from the device are dependent on the 
input signals to the device independent of temperature), and in which the athermaNzation does not require power 
consumption to control a heating element 

[0012] The device illustrated in FIG, 1 is a wavelength division multiplexer and/or demultiplexer including an Input 
waveguide 16, a first slab waveguide or coupler ie t an arrayed waveguide 24 comprising a plurality of curved 
waveguides 1 2, a second slab waveguide or coupler 20, and an output waveguide 22. 

[0013J The array of waveguides 12 between couplers 18 and 20 are arrayed in a curved or generally C-shaped 
configuration with the individual waveguides spreading apart away from the couplers in order to reduce cross talk. The 
apex of the curved pattern of waveguides is flat as seen in FIG, 2. Each successive waveguide provides an optical 
path which is longer than that of its predecessor by a constant amount AL. The plurality of waveguides are in asym- 
metrical arrangement, with each waveguide comprising three segments including a first segment 12A defined by a 
silica core, a second segment 128 defined by a silica core, and a third segment 12C defined by a polymer core material. 
The length of the polymer core segment 1 2C of each waveguide 1 2 is selected so that changes in the effective refractive 
index of the silica segments 12A and 12B of the waveguides as a result of temperature fluctuations is cancelled or 
balanced by changes in the effective index of refraction of the polymer core section of the waveguide, 
[0014] For the device shown in FIG. 1 ( the optical path difference 6 between adjacent waveguide segments 12C in 
the phased-array 24 is the product of the mean channel wavelength (X m ) and the detraction order (m). in the compound 
waveguide 12 including first and second segments defined by a silica core, and a central polymer segment coupling 
the first silica core segment with the second silica core segment, the optical path difference between adjacent 
waveguides 12 is the sum of the products of the effective index of refraction and the refractive index of each of the 
materials. This relationship is expressed mathematically as follows: 

6=n s x AL S + n 9 x AL g -({1-x) n s + x n 9 ) x AL, 

where n s is the effective index of refraction of the silica-based waveguide segments 12A and 12B, n 9 is the effective 
index of refraction of the polymer-based waveguide segments 1 2C, ALj, is the optical path difference between the silica- 
based segments of adjacent waveguides, and ALg is the optical path difference of the polymer-based waveguide seg- 
ments 12C of the adjacent waveguides 12. The overall optical path difference (AL) of adjacent waveguides 12 is equal 
to the sum of the optical path difference between the silica-based segments 12A and 12B of the adjacent waveguides 
{AL S ) and the optical path difference in the polymer-based waveguide segments (AL g ) of the adjacent waveguides, and 
x is the ratio of AL 9 to AL. 

[0015] The mean channel wavelength temperature dependence can be determined by differentiating the above equa- 
tion. Desirably, the effective index of refraction (n g ) of the polymer-based segments 12C of waveguides 12 is approx- 
imately equal to the effective index of 

refraction (n 5 ) of the silica-based segments 1 2A and 12B of the waveguides 12, Differentiating the above equation and 
using the approximation that n g s n sr the mean channel wavelength temperature dependence may be expressed as 
follows: 

(1 A m ) x (dX m /dT) B (1/6) x (dS/dT) - (i/n s ) x ((1 - x) (dn s /dT) + x (dn g /dT)) + a, 

wherein a is the coefficient of thermal expansion of the substrate 14 (since the length variations along a waveguide 
are in first approximation imposed by the substrate thermal expansion). The ratio x can be selected to cancel (SkJdT 
for each of the waveguides 12. L 
[0016J The waveguides 16 and 22 t waveguide segments 12A and 12B, and couplers 18 and 20 typically comprise 
doped silica patterned on a silicon substrate 14, for example, by photolithographic techniques. As an alternative sub- 
strate 14 may be coated with a silica or silicon underclad layer (not shown) and the waveguide cores can be patterned 
on the underclad. The doped silica is patterned onto substrate 14 or an underclad to form waveguides and couplers 
wnich have an mdex of refraction which is slightly higher than that of substrate 14 or underclad. An overclad, typically 
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a silica glass overclad. is deposited over the doped silica core material patterned on substrate 14 The overciad (not 
shown in FIG. 1 ) has an index of refraction which is slightly less than that of the doped silica core material Preferably 
the overclad has properties, especially optical properties such as index of refraction and variation in index of refraction 
as a function of temperature, which are about the same as those of substrate 14 or the underclad. 
[0017] An optical waveguide circuit of the type shown in FIG. 1 can be manufactured by forming a plurality of adjacent 
curved silica waveguide cores 12 of different lengths on a planar substrate 14 using well known techniques Each of 
the adjacent waveguide cores has an optical path length difference that is selected to correspond to a channel wave- 
length. Thereafter, the silica waveguide cores are overcladded with a silica glass overclad. The waveguide cores and 
overclad define an optical phased-array 24 of waveguides. The foregoing steps, which can be performed using well 
known techniques, provide a conventional optical device which is highly susceptible to unacceptable variations in 
optical properties upon exposure to temperature fluctuations within the normal ambient range (e g 0°C to 70 a C) In 
the present invention however, a generally triangular groove 26 is then etched into a central area of the phased-array 
of waveguides through the cladding and waveguide core material down to the substrate 14. 

[0018] in FIG. 2, there is shown an enlarged schematic top view of an area of a phased-array wavelength division 
multiplexer/demultiplexer device in which a generally triangular groove 26 has been etched. The area illustrated in 
FIG. 2 roughly corresponds with the area surrounded by dashed line 25 shown in FIG. 1. As indicated in FIG 2 the 
generally triangular groove is stepped to provide opposed surfaces which are symmetrically disposed with respect to 
the line of symmetry of the phased-array of waveguides 12. FIG. 3 is a schematic, partially cross-sectionai view of the 
generally triangular groove as seen along lines ill-ill of FIG. 2. Groove 26 divides each of the waveguides 12 into the 
separate segments 12A and 12B, with each of the segments initially being separated by free space after the etchina 
of groove 26. y 

[0019] After the stepped triangular groove has been etched, the uncured polymer waveguide core segments 12C 
are deposited to bridge the free space between the first and second silica segments 12A and 12B to create a plurality 
of composite waveguides as described below. The polymer waveguide core segments 12C have an index of refraction 
which when cured is approximately the same as the index of refraction of silica waveguide core segments 12A and 
1 2B and wh.ch is greater than the index of refraction of the underlying substrate and overclad. The polymer waveguide 
core segments are overcladded to define an optical phased-array comprising a plurality of adjacent waveguides The 
lengths of the polymer segments 12C are selected so that the ratio of the optical path differences between each pair 
of adjacent waveguide cores in the silica segments to the optical path difference between the adjacent waveguide 
cores in the polymer segments minimizes variation in the overall optical path difference of the adjacent waveguide 
cores with temperature changes. The polymer waveguide core segments 12C serve two functions. First the polymer 
segments 12C have a negative variation of index of refraction as a function of temperature to compensate for the 
positive variation of the silica waveguide core segments 12A and 12B, thereby maintaining constant channel wave- 
length independent of temperature. Second, polymer segments 12C guide light signals from silica segments 12A to 
corresponding silica segments 12B eliminating free propagation of light and reducing loss of signal power. 
[0020] After groove 26 has been etched through cladding 28 to substrate 14, faces 30 (FIG. 3) of cladding 28 and 
waveguide cores 12A and 12B are exposed. The polymeric sections 12C of the waveguide cores can be prepared 
usmg a variety of techniques. In accordance with a first technique, the groove is filled with a polymer layer having the 
same height as silica cores 12A and 12B. FIG. 4 shows a partial cross-sectional view along section line Ill-Ill of FIG 
2 after the groove has been filled with the polymer layer 32 up to the height of the silica core 1 2A. The polymer sections 
12C of the waveguide cores have an index of refraction which is higher than the surrounding cladding. The polymeric 
sections 1 2C of the waveguide cores are prepared by irradiating selected portions of polymer layer 32 through a mask 
34. Accordingly, polymer layer 32 is a UV curable polymer as described below having an index of refraction which 
increases with extent of cure. Polymer layer 32 is irradiated with sufficient ultraviolet radiation 35 through mask 34 to 
rorm polymer waveguide core segments 12C aligned with and bridging corresponding core segments 12A and 12B 
Cores 12C have an index of refraction which is sufficiently higher than the adjacent uncured portions 36 of polymer 
layer 32 so that light .s guided primarily along cores 12C as light traverses the gap between silica waveguide cores 
12A and 12B. Thereafter, the remainder of the groove is filled with a silica Iayer38 (FIG. 5A). Silica Iayer38 is preferably 
deposited at a low temperature such as by using PECVD, so as to avoid damage to the polymer core segments 1 2C 
[0021] In an alternative manufacturing method, after the polymer waveguide core segments 12C have been formed 
by UV irrad^hon through mask 34, uncured portions 36 of polymer layer 32 may be dissolved with a solvent Suitable 
solvents include various organic solvents such as aliphatic, cycloaliphatic and aromatic hydrocatfeons FIG 6 is a partial 
cross-sectional view showing cured waveguide core segments 12C remaining after uncured portions 36 of polymer 
layer 32 have been removed by dissolution into a solvent. Thereafter, the remaining portion of the groove is filled with 
» a silica layer 38' as shown in FIG. 7. Silica layer 38' is preferably deposited at a low temperature, such as by using 
PECVD, to prevent damage to waveguide core segments 12C. 

[0022] FIGs. 8-11 illustrate another alternative process and method for manufacturing polymer waveguide core seg- 
ments 12C. In this technique, rather than etching a triangle-shaped notch into cladding layer 28, across the entire 
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length of the plurality of adjacent arrayed waveguides, a series of narrow grooves 40A, 40B, 40C, 40D and 40E are 
etched through cladding 28 and through the existing silica core material down to substrate 14, Thereafter, grooves 
40A-40E are filled with a poiymer layer of the same thickness as the now defined glass cores 1 2A and 1 2B. The polymer 
material may be deposited into grooves 40A-40E as a molten material which solidifies upon cooling to form polymer 
waveguide core segments 1 2C, or poiymer cores 1 2C can be prepared by solvent casting (i.e., dissolving the polymer 
in a solvent, dispensing the dissolved poiymer in grooves 40A-4QE, and evaporating the solvent). Polymer waveguide 
core segments 12C may also be prepared from a UV curable or other cross-linkable resin if desired. FIG. 1 1 illustrates 
an alternative embodiment in which a continuous etched pattern or recess 80 is formed in cladding 28 which allows 
for easier filling of grooves 40A*- 40E\ Etched pattern 80 is a lattice work-type pattern which defines generally parallel 
grooves 40A'- 40E 1 which are generally analogous to grooves 40A - 40E shown in FIG. 8, Etched pattern 80 also 
includes a plurality of connecting grooves 82A - 82H which connect opposite ends of parallel grooves 40A r - 40E\ 
Etched pattern 80 also includes fill reservoirs 84 and 85. The etched lattice work pattern 80 allows polymer to be easily 
deposited in liquid form into fill reservoirs 84 and/or 85 and flow through channels 82A - 82H to fill parallel arooves 
40A 4 -40E*. 

[0023] The types of polymers which can be used for forming polymer waveguide core segments 12C include (a) 
polymers having a glass transition temperature (T g ) above 70°C, with a variation in the index of refraction as a function 
of temperature (dn/dT) on the order of about -1 0- 4 /°C (e.g., from about -5 x 1 0* to about -2 x 1 0- 4 /°C}> and (b) polymers 
with a T g below 0*0 and with a variation of refractive index as a function of temperature (dn/dT) on the order of about 
-3 x 10" 4 /°C (e.g., from about -1 x 10" 4 to about -6 x 10" 4 ). 

100241 Examples of suitable polymers which may be used for preparing polymer waveguide core segments 12C 
include copolymers containing fluorinated monomers, preferably wherein the fluorinated monomers are selected from 
vmyiic, acrylic, methacryiic and/or allylic monomers. The copolymers prepared from fluorinated monomers are prefer- 
ably synthesized using a free-radlcai process (thermally-induced or photo-induced). Examples of suitable polymer 
materials for preparing polymer waveguide core segments 12C include copolymers made from about 15% to about 
70% by weight of pentafluorostyrene and from about 30% to about 85 % by weight trifiuoroethylrnethacrylate. 
IBQ2S] The polymer material used to prepare polymer waveguide core segments 12C may contain afunctional mon- 
omers, such as a difunctional methacryiate-epoxy monomer, e.g., glycidyl methacrylate. The difunctionaf merhacrylate- 
spoxy monomer facilitates cross-linking of the copolymers. The polymers used to prepare the polymer waveguide core 
segments 12C may also contain adhesion promoters, such as giycidoxypropyf thmethoxy siiane or mercaptopropyl 
"rimethoxy siiane. 

[0026] The poiymer used to form polymer waveguide core segments 1 2C are selected to provide an index of refraction 
which closely matches that of the silica waveguide core segments 12A and 128. FIG. 12 shows that in order to keep 
the excess loss below 0.1 dB, the polymer index must be kept within a range of 1.446 plus or minus 0.004 on the 
operating temperature range. For polymers with dn/dT on the order of -1 0"«/*C. the index of refraction variation between 
0°C and 70°C is 0.007. Thus, polymers with a T g above the operating temperature range can be used to form composite 
waveguide cores which have a polymer waveguide core segment connecting silica waveguide core segments, and 
which exhibit low signal power loss. 

EXAMPLES 

Example 1 

UV Irradiation 

£0027] The first method for creating waveguides within the groove takes advantage of the sensitivity of the polymer 
index to UV irradiation, in most polymers, UV irradiation at suitable wavelengths induces bond breaking followed by 
cross-Jinking, which increases the refractive index. This is the case for the family of copolymers that were formulated 
for overcladding [1 ,2]: Table 1 shows the UV-induced index increase for a copolymer of this family (60 wt% pentafluor- 
ostyrene, 30 wt% trifluoroethylmethacrytate, and 10 wt% glycidyl methacrylate). The refractive index at 1550 nm was 
measured with a Metricon prism coupler onaS^im thick fifm on silicon. The sample was submitted to UV irradiation 
with an H lamp (maximum at 240-320 nm) delivering an energy of ca. 270 J/cnvVpass. Measurements were performed 
at several locations of the sample before irradiation, after irradiation {10 and 20 passes), and after 16 hrs in normal 
conditions. 
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Index at 1550 nm for a polymer before and after UV irradiation, and standard deviation for the measurements 
performed at 10 locations on the sample. 





As deposited 


After 10 passes 


After 20 passes 


20 passes + 16 hrs 


N(1550nm) 


1 .4477 


1 .4520 


1 .4552 


1 .4553 


Index SD 


0.0001 


0.0005 


0.O013 


0.0009 



55 



[0028] The index increase after 20 passes (+0.008 ±0.001) Is comparable to the index difference between the core 
and overclad rnateriafs in the current LOC technology (0.01). 

|0029] The proposed method for creating waveguides within the groove consists of: 

a) etching a generally triangular groove through overclad waveguides formed on a substrate; 

b) depositing a polymer layer into the groove, of the same thickness as the waveguide core layer; 

c) irradiating the polymer through a mask in order to increase the index of refraction in the continuation of the 
"input" and "output" waveguides; 

d) filling the groove with material similar to the substrate to overclad the newly created waveguides. 

[0030] The method involves changing the index of the polymer uniformly through a depth of 6 u_m. The UV light is 
absorbed uniformly by the polymer, which has a low absorption coefficient. However the absorption coefficient is not 
too Jow for the irradiation to be effective in increasing the index. 

Example 2 

Direct Lithography 

[0031] The second method for creating waveguides within the groove takes advantage of the solubility of the un- 
croseKnked polymer and of the unsolubility of the crosslinked polymer. A direct lithography process for polymer 
waveguides can be applied to the groove design as follows: 

a) etching the generally triangular groove through overclad waveguides formed on a substrate; 

b) depositing a polymer layer containing a photosensitive curing agent into the groove, of the same thickness as 
the core layer, with a refractive index suitable for a core material; 

c) irradiating the polymer through a mask in order to crosslink the unmasked polymer in the continuation of the 
"input" and "output" waveguides; 

d) dissolving the uncrosslinked polymer; 

e) filling the groove with material similar to the substrate to overclad the newly created waveguides. 
Example 3 

Trenches Inscribed In A Triangular Pattern 

[0032] The third method for creating temperature compensated waveguides involves etching a groove along each 
of the waveguides only, as follows: 

a) etching a groove through each waveguide, in alignment with the longitudinal axis of the waveguide to define 
trenches between "input" and "output" waveguides to sections so formed; 

b) depositing into each of the trenches a polymer having an index of refraction which matches that of the sHica 
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waveguide cores or which can be cured to match the index of refraction of the silica waveguide cores, to the height 
of the silica waveguide cores, and optionally curing the polymer; and 

c) filling the remaining volume of the trenches with an overclad similar to the substrate. 

[0033} In this way, fight is guided in lateral direction only. 

[0034] This third method could also be improved by using two different layers of polymer, a core polymer and an 
overclad polymer, in order to better confine the fight. 

[0035] It will be apparent to those skilled in the art that various modifications and adaptations can be made to the 
present invention without departing from the spirit and scope of this invention. Thus, it is intended that the present 
invention cover the modifications and adaptations of this invention, provided they come within the scope of the ap- 
pended claims and their equivalents. 



*s Claims 

1 . A temperature compensated optical waveguide circuit device comprising: 
a substrate (14); 

20 an optical phased-array (24) comprising a plurality of curved waveguide cores (12) of different lengths sup- 

ported on said substrate wherein adjacent waveguide cores having an optical path length difference that is 
selected to correspond to a channel wavelength; and 

wherein each waveguide core (12) includes a first silica segment (12A), a second silica segment (12B), and 
25 a central polymer segment (12C) coupling the first silica segment with the second silica segment to form a con- 

tinuous waveguide core, the ratio of the optical path difference between each pair of adjacent waveguide cores in 
the silica segments to the optical path difference between the adjacent waveguide cores in the polymer segments 
selected to minimize temperature induced variations in the overall optical path difference of the waveguide cores. 

bo 2, The optical waveguide circuit device of claim 1 and further including a silica or silicon overclad encasing the silica 
waveguide core and polymer segments wherein the adjacent underlying substrate or underclad layer and the 
overclad each have an index of refraction which is lower than the index of refraction of the silica waveguide core 
segments and the polymer waveguide core segments. 

35 3. The optical waveguide circuit device of claim 1, wherein the polymer waveguide core segments are made of a 
polymer material having a glass transition temperature above 70°C and a variation in index of refraction as a 
function of temperature on the order of -10" 4 /°C. 

4. The optical waveguide circuit device of claim 3, wherein the polymer waveguide core segments are made of a 
4 o polymer material having a variation in the index of refraction as a function of temperature of from about -5 x 10" 5 

to about ~2 x 10-VC. 

5. The optical waveguide circuit device of claim 1 , wherein the polymer waveguide core segments are made of a 
polymer material having a glass transition temperature below 0°C and a variation in index of refraction as a function 

*5 of temperature on the order of about -3 x 1 0" 4 per °C. 

6. The optical waveguide circuit device of claim 5 t wherein the polymer waveguide core segments are made of a 
polymer material having a variation in index of refraction as a function of temperature of from about -10" 4 to about 
-6 x 1tr*. 

50 

7. The optical waveguide circuit device of claim 1, wherein the polymer waveguide core segments are made of a 
material comprising a copolymer made of fluorinated monomers. 

8. The optical waveguide circuit device of claim 1, wherein the polymer waveguide core segments are made of a 
55 material comprising a copolymer of fluorinated vmyiic, acrylic, methacrylic and/or alfyiic monomers. 

9. The optical waveguide circuit device of claim 8, wherein the copolymer is made of pentafluorostyrene and triffuor- 
oethy Imeth aery I ate . 
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10. The optical waveguide circuit device of claim 9, wherein the copolymer is made from about 15% to about 70% by 
weight of pentafluorostyrene and from about 85% to about 30% by weight of trifluoroethylmethacrylate. 

11. The optical waveguide circuit device of claim 1 , wherein the polymer waveguide core segments are made of a 
polymer material comprising a copolymer of fluorinated vinylic, acrylic, methacryitc and/or Sillytlc monomers and 
difunctional monomers. 

12. The optical waveguide circuit device of claim 1 1 , wherein the difunctional monomers are methacryfate-epoxy mon- 
omers. 

13. The optical waveguide circuit device of claim 12, wherein the polymer material further comprises an adhesion 
promoter. 



14. 



15 



20 



2$ 



35 



The optical waveguide circuit device of claim 13, wherein the adhesion promoter is gfycidoxypropyJ trimeihoxv 
silane or mercaptopropyl trimethoxy stlane. " 

15. A method of making a temperature compensated optical waveguide circuit device comprising: 
providing a planar substrate (14); 

forming a plurality of adjacent curved silica waveguide cores {12} of different lengths on the planar substrate 
adjacent waveguide cores having an optical path length difference that is sefected to correspond to a channel 
wavelength; 

overciadding the silica waveguide cores with a silica overclad, the waveguide cores and overciad defining an 
optical phased-array (24); 

forming at least one groove {26) in a central portion of the optical phased-array down to the planar substrate 
to divide each waveguide core into a first silica waveguide core segment (12A) and a second silica waveguide 
core segment (12B), the first and second silica waveguide core segments separated by free space; 
forming a plurality of porymer waveguide core segments (12C) in said groove, each polymer waveguide core 
segment connecting a first silica waveguide core segment with a corresponding second silica waveguide core 
30 segment to form a continuous waveguide core; 

overcladding the polymer waveguide core segments to define a composite optical pftased-array comprising 
a plurality of adjacent composite waveguides, including a polymer waveguide core segment connecting silica 
waveguide core segments; and 

selecting the dimensions of the at least one groove so that the ratio of the optical path difference between 
each pair of adjacent wavegu ide cores in the silica segments to the optical path difference between the adjace nt 
waveguide cores in the polymer segments minimizes temperature induced variation in the overall optical path 
difference of the adjacent waveguide cores. r 

16. The method of claim 15, wherein a single groove is etched in a central area of the optical phased-array and the 
*o plurality of polymer waveguide core segments are formed by depositing a polymer materiaf into the groove and 

selectively crossfmkmg portions of the polymeric material to form the polymer waveguide core segments having 
an index of refraction which is higher than adjacent areas of the polymer material which have not been crosslinked, 

17. The method of claim 16, wherein the waveguide core segments are crosslinked by irradiating a polymer material 
45 with ultraviolet radiation. 

18. The method of claim 16 in which the portions of the pofymer material which are not crosslinked are removed. 

19. The method of claim 15, wherein the polymer waveguide core segments are made of a polymer material having 
a glass transition temperature above 70°C and a variation in index of refraction as a function of temperature on 
the order of-i(H/*a 

20. The method of claim 19, therein the polymer waveguide core segments are made of a polymer material having 
a variation in the index of refraction as a function of temperature of from about -5x10* to about 2 x 1 0*. 

21. The method of claim 15, wherein the polymer waveguide core segments are made of a polymer material having 
a glass transition temperature below 0*C and a variation in index of refraction as a function of temperature on the 
order of about ~3 x 1 o- 4 per °C . 
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22. The method of claim 21 , wherein the polymer waveguide core segments are made of a polymer material having 
a variation In index of refraction as a function of temperature of from about -1Q' 4 to about -6 x to* 4 , 

23. The method of claim 15, wherein the polymer waveguide core segments are made of a material comprising a 
copolymer made of fluorinated monomers. 

24. The method of claim 15, wherein the polymer waveguide core segments are made of a material comprising a 
copolymer of fluorinated vinyltc, acrylic, methacryiic and/or allylic monomers. 

25. The method of claim 15. wherein the copolymer is made of pentaffuorostyrene and trifluoroethylrnethacrylate. 

26. The method of claim 25, wherein the copolymer is made from about 15% to about 70% by weight of pentafluor- 
ostyrene and from about 85% to about 30% by weight of trifluoroethylmetrsacrylate. 

27. The method of claim 1 5 t wherein the polymer waveguide core segments are made of a polymer material comprising 
a copolymer of fluorinated vinylic, acrylic, methacryiic and/or atiyllc monomers, and difunctlonal monomers- 

28. The method of claim 27, wherein the difunctionaf monomers are methacrylate-epoxy monomers. 

29. The method of claim 15, wherein the polymer materia] further comprises an adhesion promoter. 

30. The method of claim 29 f wherein the adhesion promoter is glycidoxypropyl trimethoxy siiane or mercaptopropyl 
trimethoxy siiane. 

31. A method of making a temperature compensated optical waveguide circuit device comprising: 

providing a planar substrate {14); 

forming a plurality of adjacent curved silica waveguide cores (12) of different lengths on the planar substrate, 
adjacent waveguide cores having an optical path length difference that is selected to correspond to a channel 
wavelength; 

overdadding the silica waveguide cores with a silica overciad, the waveguide cores and overciad defining an 
optical phased-array; 

forming a groove (40) through each of the waveguides in alignment with the longitudinal axis of the waveguide 
to define trenches between input and output waveguide sections; 

depositing into each of the trenches a polymer having an index of refraction which matches that of the silica 
waveguide cores or which can be cured to match the index of refraction of the silica waveguide cores, to the 
height of the silica waveguide cores, and optically curing the polymer; 
filling a remaining volume of each of the trenches with a silica overciad; and 

selecting the dimensions of the grooves so that the ratio of the optical path difference between each pair of 
adjacent waveguide cores in the silica segments to the optica* path difference between the adjacent waveguide 
cores in the polymer segments minimizes temperature induced variation in the overall optical path difference 
of the adjacent waveguide cores. 

32. A method of making a temperature compensated optical waveguide circuit device comprising: 
providing a planar substrate (14); 

forming a plurality of adjacent curved silica waveguide cores (12) of different lengths on the planar substrate, 
adjacent waveguide cores having an optical path length difference that is selected to correspond to a channel 
wavelength; 

overcladding the silica waveguide cores with a silica overciad, the waveguide cores and overciad defining an 
optical phased-array; 

forming a recessed pattern (SO) in a central portion of the optical phased-array down to the planar substrate, 
the recessed pattern defining a groove (40') through each of the waveguides in alignment with the longitudinal 
axis of the waveguide to define trenches between input and output sections of each of the waveguides, chan- 
nels connecting opposite ends of adjacent waveguides, and at least one fill reservoir (84, 85) in fluent com- 
munication with each of the trenches; 

depositing a polymer into the recessed pattern to the height of the silica waveguide cores, the polymer having 
an index of refraction which matches that of the silica waveguide cores or which can be cured to match the 
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index of refraction of the silica waveguide cores, and optionally curing rhe polymer; and 
filling a remaining portion of the recessed pattern with a silica overclad. 



5 



15 



20 



25 



30 



35 



40 



45 



50 



55 



NSDOCJD: <£P_TG89G9SA1J_> 



11 



EP 1 089 098 A1 




EP 1 089 098 A1 





Fig. 7 



Fig. 6 



40A 




40D 



40E x — 4QC 

Fig. 8 




ISDOCID: <£F__T08<K39SA1 I > 



13 



EP 1 089 098 A1 



"^80 




Fig. 11 



0.6 




1,435 1,44 1,445 1,45 1,455 



Fig. 12 



4SDOCID: <EP__ 1089O96A1J_> 



14 



EP 1 089 098 A1 



European Pttoftt 
Offic* 



EUROPEAN SEARCH REPORT 



E? 99 40 2364 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



I 
§ 

I 



CUOon of documant wtti Indication, wtim, mrcprfa*. 



Ratewit 
todakn 



EP 0 919 840 A (NIPPON TELEGRAPH & 
TELEPHONE ;NTT ELECTRONICS CORP (JP)} 
2 June 1999 (1999-06-02) 



* page 6, line 5 

* page 7, line 1 

* page 8, Hne 1 

* page 9, line 1 

* figures 7-18 + 



Hne 58 * 
line 58 * 
Hne 55 * 
Hne 17 * 



I, 2,7,8, 

II, 12, 
15,23, 
24,27, 
28,31 



ET AL) 



EP 0 907 091 A (LUCENT TECHNOLOGIES INC) 
7 April 1999 (1999-04-07) 

* column 4, line 35 - line 58 * 

* column 5 - column 8 * 

* column 9, line 1 - line 31 * 

* figures 1,5 * 

US 5 799 118 A (0GUSU MASAHIR0 
25 August 1998 (1998-08-25) 

* column 7, Hne 10 - line 67 * 

* column 8 - column 9 * 

* column 10, line 1 - line 46 » 

* figures 10-17 * 

IN0UE If ET AL: "ATHERMAL SILICA-BASED 
ARRAYED- WAVEGUIDE GRATING (AHS) 
MULTIPLEXER" 

IOOC-EC0C. EUROPEAN CONFERENCE ON OPTICAL 
COMMUNICATION ECOC. INTERNATIONAL 
CONFERENCE ON INTEGRATED OPTICS AND 
OPTICAL FIBRE COMMUNICATION IOOC, 
22 September 1997 (1997-09-22), 
XP002058688 
the whole document * 



cuksaRomoHOFTHe 



1.2,4, 
16,31 



1,2,4,15 



G02B6/293 
G02B6/124 
G02B6/13 



1,15 



Tl» praaant Man* raport ha* tow drawn v tor aa dalraa 



tVCXMCU. 

MUHCHED 



(IntCLT) 



G02B 



PheeeTe 

THE HAGUE 



6 March 2000 



CATBQORY OF CTVEO DOCUMENTS 

X : p**xiv&nkvw* * t**en mim 

Y : p^ifaJarty ratavartt H oombtom^ wAh anotfmr 

0:nofVHwtttmnd*c*o*j» 
P Ht*rm«U±r documert 



~fi-*#imi 

ftethyssek, K 



£ 0ftiier peter* docwtjent but pufrfafaexj 
p :doa*rKrt tn «w appfeftSon 



15 



EP 1 089 098 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 99 40 2364 



Th* »nr»* ifatt th« patent f»mly mambef* re*«tlr>Q to the pat** documama dtod k> the «6ov»-rm>ntk)rxKl Eirawan March noon. 
Ttte msmtoaf* are t» contained In ttte European Patent OfTloa EDP He en 

The Ewcpaam Patant 0«c» k n no way labia for thaw pMtedtn attoft are merely ghm tor the pupoaa of Irfonnatkin. 

06-03-2060 



P«t»rt ttocufiwnt 




Patent famly 
member^*) 




EP 0939840 


A 


02-06-1999 


CA 
WO 


22S1754 A 
9836299 A 


20-08-1998 
20-08-1998 


EP 0907091 


A 


07-04-1999 


CN 
JP 


1214582 A 
11160559 A 


21-04-1999 
18-06-1999 


US 5799118 


A 


25-08-1998 


JP 


9043440 A 


14-02-1997 



f 

I 

£ For mora cfeUlfc *boU thte arm** : see Offk^ Jou^al of ^Eafop^ Patent Off*o*. No. 12/B2 



16 

NSDOCiD: <EF 103S098At_f_> 



